Epstein Barr virus (EBV) can establish distinct latency types with different growth-transforming properties. Type I latency and type III latency can be distinguished by the expression of EBNA2, which has been shown to be regulated, in part, by the EBNA1-dependent enhancer activity of the origin of replication (OriP). Here, we report that CTCF, a chromatin boundary factor with well-established enhancer-blocking activity, binds to EBV sequences between the OriP and the RBP-J response elements of the C promoter (Cp) and regulates transcription levels of EBNA2 mRNA. Using DNA affinity, electrophoretic mobility shift assay, DNase I footprinting, and chromatin immunoprecipitation (ChIP), we found that CTCF binds both in vitro and in vivo to the EBV genome between OriP and Cp, with an ϳ50-bp footprint at EBV coordinates 10515 to 10560. Deletion of this CTCF binding site in a recombinant EBV bacterial artificial chromosome (BAC) increased EBNA2 transcription by 3.5-fold compared to a wild-type EBV BAC. DNA affinity and ChIP showed more CTCF binding at this site in type I latency cell lines (MutuI and KemI) than in type III latency cell lines (LCL3456 and Raji). CTCF protein and mRNA expression levels were higher in type I than type III cell lines. Short interfering RNA depletion of CTCF in type I MutuI cells stimulated EBNA2 mRNA levels, while overexpression of CTCF in type III Raji cells inhibited EBNA2 mRNA levels. These results indicate that increased CTCF can repress EBNA2 transcription. We also show that c-MYC, as well as EBNA2, can stimulate CTCF mRNA levels, suggesting that CTCF levels may contribute to B-cell differentiation as well as EBV latency type determination.
Epstein-Barr virus (EBV) is a human gamma-1 herpesvirus that establishes a lifelong latency in over 90% of the world's population (27, 46) . During latency, the virus resides as a chromatin-associated, multicopy episome, primarily in resting B lymphocytes with features of classical antigen-selected memory B cells (50, 55) . Latent infection is also associated with several malignancies, including Burkitt's lymphoma, Hodgkin's disease, nasopharyngeal carcinoma, and lymphoproliferative disorders in the immunosuppressed. Different viral transcription patterns can be observed in each of these malignancies and have been referred to as latency types 0, I, II, and III (59) . In endemic and sporadic Burkitt's lymphoma, EBV typically expresses a restricted, type I latency characterized by expression of the viral EBNA1, EBERS, and BART genes (48) . In nasopharyngeal carcinoma, EBV is typically found with a characteristic type II latency associated with expression of additional viral genes, such as LMP1 and LMP2A (43) . In lymphoproliferative diseases of the immunosuppressed, EBV expresses a type III latency program with a full panel of viral gene expression that includes the EBNA2 to -5 genes (58) . Type 0 latency is reserved for quiescent, memory B cells where no viral genes are expressed (4) . The unique functions of the EBV latency proteins are thought to affect B-cell development and the formation of distinct B-cell disorders.
Regulation of the C promoter, or Cp, is important to the biology of EBV because it is the key control point distinguishing type III latency, where Cp is active, from type I latency, where it is inactive (5) . In established latent viruses, the polycistronic EBNA2-5 transcript initiates mainly from Cp (5) . Known transcription factors that can bind elements around Cp to regulate its activity include CBF1 (or RBP-J), CBF2 (or Auf1), NF-Y, C/EBP, Sp1, and Egr-1 (6, 17, 20, 22, 35) . In addition, the viral protein products of Cp, EBNA-LP, EBNA2, and EBNA3A-C, are also known to act in conjunction with various transcription factors to autoregulate their expression (20, 30, 47, 62) . Deletion mappings of the Cp region showed that sequences Ϫ433 to Ϫ245 upstream of the Cp initiation site (particularly around Ϫ370) are important for the EBNA2/ CBF1/CBF2 response, with those at Ϫ119 to Ϫ112 important for C/EBP, those at Ϫ99 to Ϫ91 important for Sp1/Egr-1, and those at Ϫ71 to Ϫ63 important for NF-Y (16, 24, 35, 53) .
The EBV latency transcripts are also subject to epigenetic regulatory events, like DNA methylation and histone modification (2) . High levels of CpG DNA methylation of proximal promoter elements correlate with transcription repression of EBNA2 and LMP1 in type I latency (34, 39, 49) . Posttranslational modifications of histone tails are also known to be important for EBNA2 regulation, since transcription activation correlates with promoter-specific histone hyperacetylation (1, 53) .
The genomic organization of LMP1 and EBNA2 genes suggests that the common upstream region containing the origin of replication (OriP) and the EBERs (highly transcribed, noncoding RNAs) may be important in the coordinated regulation of these latency transcripts (33) . Genetic evidence suggests that the family repeats (FR) element of OriP, upon binding by another viral protein, EBNA1, can function as an enhancer to regulate DNA methylation and transcription activity of the EBNA2 and LMP1 genes (18, 35, 41, 45, 52) . It has been proposed that OriP and EBNA1 can influence the DNA meth-ylation patterns at the EBNA2 promoter region by a DNA replication-independent mechanism (21) .
It is known that chromatin is organized into discrete segments, or domains, characterized by distinct histone modifications (23) . Open chromatin domains are typically characterized by high acetylation (of lysines 9 and 14 on histone H3 and lysines 5, 8, 12 , and 16 on histone H4) and high methylation of lysine 4 on histone H3. Closed or compacted chromatin domains are typically characterized by low acetylation of histone H3 and H4 and methylation of histone H3 K9 (but not histone H3 K4). The boundaries of these domains are typically DNA elements, called insulators, which can insulate the genes of one domain from regulatory elements of adjacent domains (28, 56) . Previously, we showed that the common upstream region of the EBNA2 and LMP1 promoters, which we referred to as the latency control region (LCR), is a higher-order, open chromatin domain that seems to initiate from OriP and ends at the boundaries of the EBNA2 and LMP1 promoters (8) . Furthermore, we showed that the boundaries of this open chromatin domain are dynamic. In type I latency, the domain boundaries are limited to regions upstream of the promoter; in type III latency, the boundaries extended well beyond the C and LMP1 promoters. In order to understand the nature of the factors that regulate the boundaries of the EBV LCR, we investigated a number of protein factors typically involved in enhancerblocking and insulator functions.
CTCF, or CCCTC-binding factor, is an 11-zinc-finger, DNAbinding nuclear phosphoprotein that was initially discovered as a factor involved in transcriptional repression of avian, mouse, and human MYC promoters by binding to multiple, different sequences (36) . It was later characterized as being involved in enhancer blocking, chromatin insulation, gene activation, and imprinting on diverse genes, such as those coding for ␤-globin, c-MYC, and IGF2-H19 (13, 60) . Combinatorial use of its multiple zinc fingers allows CTCF to bind dissimilar target sites with footprinting sequences spanning approximately 50 bp (25) .
In this study, we looked for the presence of CTCF between OriP and Cp to ascertain a possible insulator site. We wanted to determine if CTCF can regulate Cp transcription and to determine if the presence of CTCF correlated with different latency types.
MATERIALS AND METHODS
Cell lines and antibodies. MutuI and KemI are type I latency B-cell lines derived from Burkitt's lymphoma. Raji (ATCC) is a type III latency B-cell line derived from Burkitt's lymphoma. LCL3456-EBV is a type III latency B-cell line derived from primary lymphoblasts transformed with EBV strain B95-8. DG-75 (ATCC) is an EBV-negative, B-cell line derived from Burkitt's lymphoma. EREB 2.5 is a human B-cell line containing EBV (⌬EBNA2) in which the endogenous EBNA2 is replaced with an estrogen-inducible EBNA2-estrogen receptor (ER) fusion protein (26) . These cell lines were maintained in RPMI supplemented with 10% fetal bovine serum, glutamine, penicillin, and streptomycin sulfate. 293 (ATCC) is a human kidney, epithelial cell line transformed with adenovirus 5 DNA, and IMR90-MYC-ER is a human fetal lung fibroblast cell line containing a tamoxifen-inducible human c-MYC-ER fusion protein (61) . These cell lines were maintained in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum, glutamine, penicillin, and streptomycin sulfate.
The following rabbit polyclonal antibodies were used: anti-CTCF (Upstate), anti-Orc2 (Pharmingen), anti-H3 (Upstate), and control rabbit immunoglobulin G (IgG) (Santa Cruz). Rabbit polyclonal anti-EBNA1 was raised against a recombinant full-length EBNA1. Mouse monoclonal anti-EBNA2 was obtained from DakoCytomation.
Plasmids. N968 vector (pFASTBAC HTb-CTCF) was used to prepare baculoviral, recombinant His-tagged CTCF. Full-length human CTCF cDNA was prepared by PCR of pCI 7.1, a plasmid containing full-length human CTCF cDNA, using primers OPL1403 and OPL1404. The PCR product was then inserted into the XhoI and BamHI sites of pFASTBAC HTb (Invitrogen) to generate N968. Baculovirus His-tagged CTCF protein was expressed in Sf9 insect cells using standard BEV system protocols (Oxford Expression Technologies). The His-tagged CTCF protein was then purified using Ninitrilotriacetic acid (NTA) agarose beads (QIAGEN) according to the manufacturer's protocol.
N951 [pBKS-EBV(10393-10584)] was used for in vitro DNase I footprinting. EBV DNA fragment (coordinates 10393 to 10584) containing the CTCF binding site upstream of Cp was obtained by PCR of the EBV BamHI C BACmid using primers OPL1389 and OPL1390. The PCR product was inserted into pBluescript KSϩ (Invitrogen) at the BamHI and HindIII sites to generate N951.
N1027 (p3xFlag-CTCF) was a kind gift from R. Shiekhattar, Wistar Institute, Philadelphia, PA. It was generated by inserting full-length, human CTCF cDNA into p3xFLAG-CMV-2a (Sigma).
All primer sequences used in this paper are available upon request. Recombineering EBV BACs. To generate a recombinant EBV bacterial artificial chromosome (BAC) with a deletion in the CTCF binding site upstream of the C promoter, bacterial recombineering was employed as previously described (29) . In a PCR using pL452 plasmid as a template, two 75-bp homologous primers, OPL1721 and OPL1722 (5Ј and 3Ј primers), were used to generate a 2,700-bp PCR product. The PCR fragment contains a kanamycin resistance marker flanked by Floxed P sites and 50 bp of EBV DNA spanning the CTCF binding site upstream of Cp. The PCR fragment was gel purified and electroporated into EL350 Escherichia coli strain containing wild-type EBV BAC (also referred to as EBV-Hygro-green fluorescent protein [GFP] BAC or N1089) (9) . Homologous insertion of the PCR product into EBV-Hygro-GFP BAC was obtained by first inducing expression of recombineering proteins in the EL350 strain by heating at 42°C prior to electroporation. The kanamycin-resistant EBVHygro-GFP BAC (N1195), containing the inserted PCR product, was verified by restriction enzyme digestion analysis. Next, the kanamycin resistance marker and Floxed P sites were removed via recombination by Cre protein, which was induced by adding arabinose to 0.1% in a growing culture of EL350 containing N1195. The resulting N1171 EBV-Hygro-GFP BAC contains a deletion of the CTCF binding site upstream of Cp. It was verified by restriction enzyme digestion analysis and DNA sequencing.
DNA affinity chromatography. DNA affinity chromatography was performed as previously described (3). Soluble nuclear extract fractions were obtained from MutuI, KemI, Raji, and LCL3456 via the Dignam extraction method. Biotinylated DNA fragments of EBV were obtained by PCR using the BamHI C BACmid as a template. Control biotinylated DNA fragments were obtained by PCR using pBluescript KSϩ as template. The DNA fragments were coupled to M-280 streptavidin-labeled magnetic Dynabeads (Dynal Biotech). The coupled beads were then washed and incubated with soluble nuclear extract for 1 h. The bound proteins and beads were then washed three times with D150 and three times with D300 buffers (20 mM HEPES, pH 7.9, 20% glycerol, 0.2 mM EDTA, 0.05% NP-40, 1 mM phenylmethylsulfonyl fluoride, 10 mM ␤-mercaptoethanol, protease inhibitor cocktail [Sigma P8340], and 150 mM KCl for D150 or 300 mM KCl for D300). A magnetic particle concentrator (Dynal Biotech) was used to collect the beads after each wash. The bound proteins were then eluted from the beads using 2ϫ Laemmli protein loading buffer and heated at 95°C for 5 min. The proteins and beads were then cooled on ice for 5 min, centrifuged for 10 s at 14,300 rpm, and placed on a magnetic particle concentrator. The eluted proteins were then loaded and run on an 8 to 16% sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE) gel with care taken to avoid the bead pellet. Transfer of protein from gel to nitrocellulose membrane was done overnight for Western blotting.
EMSA. For electrophoretic mobility shift assays (EMSAs), DNA probes covering different regions of the EBV genome were generated by PCR incorporation of [␣-
32 P]dATP (3,000 Ci/mmol; Perkin-Elmer). The PCR mixture consisted of 30 Ci of [␣-
32 P]dATP, 0.1 mM dCTP, 0.1 mM dGTP, 0.1 mM dTTP, 0.01 mM dATP, 1 M primers, and 1 U of Taq polymerase (Roche) for 25 cycles. Unincorporated nucleotides were removed on a Microspin G50 column (Amersham Biosciences). In a 20-l reaction mixture, purified baculoviral His 6 -tagged-CTCF (Ϸ1 g) was added to a phosphate-buffered saline (PBS) reaction mixture containing 0.5 g poly(dI-dC), 5% glycerol, 0.1 mM ZnSO 4 , and 10,000 cpm of 32 P-labeled DNA probe. Reaction mixtures were incubated for 30 min at 25°C, electrophoresed in a 5% nondenaturing, polyacrylamide gel at 110V, and visualized by PhosphorImager.
In vitro DNase I footprinting assay. DNase I footprinting was performed as described previously (10) . A DNA fragment covering the EBV genome (coordinates 10393 to 10584) was cut from N951 with BamHI and labeled in a 20-l reaction mixture containing 30 Ci of [␣- 32 P]dATP (6,000 Ci/mmol; PerkinElmer), 0.1 mM dGTP, 0.1 mM dTTP, 0.1 mM dCTP, and 2 U of Klenow fragment (Roche) for 30 min at 25°C. The second restriction digest was done with HindIII to generate an unlabeled 3Ј end. Purified His-tagged CTCF was used, and the reaction mixture was PBS buffer containing 5 mM MgCl 2 , 0.1 mM ZnSO 4 , 1 mM dithiothreitol, 0.1% NP-40, 10% glycerol, 1 g bovine serum albumin, 0.4 g poly(dI-dC), and 10,000 cpm of radiolabeled probe. The protected probe was digested with different dilutions of DNase I (Sigma) and purified by phenol-chloroform extraction following proteinase K digestion. The DNA samples were then electrophoresed on a 7% denaturing, polyacrylamide sequencing gel at 33 mA and visualized by PhosphorImager.
ChIP assays. The chromatin immunoprecipitation (ChIP) assay followed the protocol provided by Upstate Biotechnology, Inc., with minor modifications as previously described (10) . Additional modifications are as follows. DNAs were sonicated to between 200-and 350-bp DNA fragments on a Diagenode Bioruptor according to manufacturer's protocol, and real-time PCR was performed with SYBER green probe in an ABI Prism 7000 using 1/100 to 1/2,500 of the ChIP DNA according to manufacturer's specified parameters.
Quantitative RT-PCR assays. Reverse transcriptase PCR (RT-PCR) was done as previously described (8) . Real-time PCR was performed with SYBER green probe in an ABI Prism 7000 using 1/100 to 1/2,500 of the cDNA according to the manufacturer's specified parameters.
For RT-PCR of EBV BAC-transfected 293 cells, 10 g of N1089 or N1171 EBV BAC was used to transfect cells at 50 to 75% confluence in 10-cm 2 plates. The cells were allowed to grow for 72 h and then harvested for RT-PCR.
For RT-PCR of EBV BAC-transfected DG-75, N1089 or N1171 EBV BACs were nucleofected according to the manufacturer's (Amaxa) protocol. Briefly, 5 ϫ 10 6 cells (growing at 0.8 ϫ 10 6 to 1 ϫ 10 6 cells/ml) were centrifuged at 1,500 rpm for 5 min at 4°C, resuspended in 100 l of T solution (Amaxa) containing 10 g of vector, and electrophorated on an Amaxa Nucleofector using program A-23. After nucleofection, the cells were transferred to a flask containing 10 ml of fresh, complete RPMI 1640 medium and placed in a 37°C incubator. The cells were allowed to grow for 72 h and then harvested for RT-PCR.
To determine the effect of CTCF overexpression on EBNA2 transcription, Raji cells were transfected with control and pFlag-CTCF vectors. Briefly, 5 ϫ 10 6 cells (growing at 0.8 ϫ 10 6 to 1 ϫ 10 6 cells/ml) were centrifuged at 1,500 rpm for 5 min at 4°C, resuspended in 100 l of T solution (Amaxa) containing 10 g of vector, and electrophorated on an Amaxa Nucleofector using program A-23. After nucleofection, the cells were transferred to a flask containing 10 ml of fresh, complete RPMI 1640 medium and placed in a 37°C incubator. After 24 h, the nucleofection was repeated. The cells were then allowed to grow for another 48 h and then harvested for quantitative RT-PCR.
To determine the effect of CTCF depletion on EBNA2 transcription, MutuI cells were transfected with short interfering RNA (siRNA) against CTCF using nucleofection. Per transfection, 1 ϫ 10 7 cells (growing at 0.8 ϫ 10 6 to 1 ϫ 10 6 cells/ml) were resuspended in 100 l of Nucleofector kit T solution. Fifty picomoles of siRNA against luciferase (Dharmacon) or siRNA against hCTCF (SMARTpool catalog no. M-020165-01; Dharmacon) combined with 2.5 g of pmaxGFP vector (Amaxa) was electrophorated into the cells using program A-23. After nucleofection, the cells were then transferred to a flask containing 10 ml of fresh, complete RPMI 1640 medium and placed in a 37°C incubator. After 24 h, the cells were then sorted for GFP-positive cells using a DakoCytomation MoFlo Cell Sorter. The GFP-positive cells were then centrifuged, resuspended in appropriate volume of fresh, complete RPMI 1640 medium to obtain a density of 0.5 ϫ 10 6 cells/ml, and placed in a 37°C incubator. The cells were allowed to grow for another 24 h and then harvested for quantitative RT-PCR.
For the time course study of IMR90-MYC-ER, cells at 50 to 75% confluence were induced with 200 nM hydroxytamoxifen (4-OHT) (Sigma). Cells were then collected at 0, 4, 12, 24, and 42 h following 4-OHT induction.
For the time-course study of EREB 2.5, cells growing in 1 M ␤-estradiol (Sigma) at logarithmic growth phase (5 ϫ 10 5 to 7 ϫ 10 5 cells/ml) were centrifuged and resuspended in fresh complete RPMI 1640 medium without ␤-estradiol. Cells (5 ϫ 10 6 cells/time point) were then collected at 0, 24, and 48 h. After 48 h, the cells were then resuspended in fresh complete RPMI 1640 medium with 1 M ␤-estradiol. These cells were then collected at 8, 16, and 24 h.
RESULTS
CCCTC-binding factor, or CTCF, binds in vitro at a location between the OriP and the C promoter of EBV. Previously, it had been shown that the FR of the OriP acts as an enhancer for the LMP and Cp of EBV (18, 41) . Here, we showed that CTCF, a multi-zinc-finger nuclear protein with well-established enhancer-blocking activity, binds to an EBV DNA fragment between OriP and Cp (Fig. 1A) . DNA affinity with various DNA fragments of EBV was used to determine the general location of CTCF binding (Fig. 1B) . Using MutuI (type I) nuclear extracts, we found EBV fragment e, covering EBV coordinates 10041 to 12488, was bound by CTCF. Dividing this large fragment into three smaller fragments, we found that fragment b (covering 10041 to 10632, which is upstream of Cp) showed the strongest CTCF binding. In addition, there was also CTCF binding to fragment d (covering 12017 to 12488, which is within the W repeats). Using LCL3456 (type III) nuclear extract, we also found CTCF binding upstream of Cp (fragment b). However, there seems to be less CTCF binding when compared to DNA affinity using an equal amount of nuclear extract from MutuI. The second panel showed that our DNA affinity method is specific in that we were able to observe EBNA2 binding only in LCL3456 (type III) using fragment c (covering 10855 to 11399, where there is a well-established EBNA2 binding site) and fragment e (covering 10041 to 12488) (Fig. 1A) .
To confirm the binding of CTCF based on DNA affinity and to ascertain a more specific location of CTCF binding, we Fig. 2A) that was recognized by specific anti-CTCF antibody (Fig. 2B) . Using purified Histagged CTCF and various EBV DNA probes (Fig. 2D) generated by PCR, we found CTCF bound fragment f (covering 10383 to 10594) and a smaller fragment, i (covering 10490 to 10594) (lane 2 and lanes 8 to 12 of Fig. 2C ). Using the same His-tagged CTCF protein, we employed DNase I footprinting to determine the precise binding sequence of CTCF on this region of EBV (Fig. 3) . Our DNase I footprinting revealed that CTCF weakly protected DNA at EBV sequence positions from 10515 to 10560 (Fig. 3A and B) . We also observed that CTCF induced a strong DNase I-hypersensitive site at EBV coordinates 10498 and 10541 (Fig. 3A) . CTCF binds to a variety of DNA sequences, and we find little similarity between our CTCF binding sequence on EBV and published CTCF binding sequences (Fig. 3B) (36) . However, the pattern of CTCF (an 11-Zn-finger protein) protection covering approximately 50 bp with an intervening gap is reminiscent of other CTCF footprinting patterns (Fig. 3A) (14) . These biochemical assays establish that a CTCF binding site on EBV DNA is located between OriP and Cp at EBV coordinates 10515 to 10560. CTCF binds in vivo at a location between the OriP and the C promoter of EBV. ChIP coupled with quantitative PCR was used to determine if CTCF binds in vivo to EBV at the region predicted by our in vitro experiments (Fig. 4) . We also compared CTCF binding patterns in two type I cell lines, MutuI and KemI, and two type III cell lines, Raji and LCL3456. The highest signals occurred when primers covering EBV coordinates 10401 to 10487 (labeled as the CTCF site) were used for ChIP of MutuI and KemI extracts (Fig. 4) . Our ChIP had sonicated DNA that averaged 200 to 350 bp, and our CTCF binding site primers are within 100 bp of the exact site (10515 to 10560) predicted by DNase I footprinting (Fig. 3) . ChIP of LCL3456 and Raji showed three-to fourfold less CTCF binding at this site compared to MutuI and KemI, respectively. This is interesting in that LCL3456 and Raji are type III cell lines that expressed EBNA2-5 using the C promoter while MutuI and KemI are type I cell lines that do not express EBNA2-5. Other regions tested include the dyad symmetry (DS), Rep*, Cp, and OriLyt regions. These regions showed less CTCF binding than the mapped CTCF site. The exception was Cp of MutuI, which showed a significant CTCF ChIP signal not predicted from our in vitro assays. IgG was used as an antibody control (Fig. 4) .
Role of CTCF binding sites in EBNA2 transcription.
To test the functional relevance of CTCF binding at our predicted site upstream of Cp, we used bacterial recombineering to delete the CTCF binding site (Fig. 5) . We used a wild-type EBV BAC (N1089) as our template and generated a new recombinant EBV BAC (N1171) with a deletion of EBV sequence 10393 to 10590 that contains the CTCF binding site (Fig. 5A) . The EBV BACs were verified by restriction enzyme digestion analysis (Fig. 5A) . N1195 is the intermediate EBV BAC generated during the recombineering process. It showed a predicted 9.8-kb NheI fragment caused by insertion of the kanamycin marker PCR product. PCR using primers that span the CTCF binding site showed that there was a deletion when comparing N1089 and N1071 (lanes 2 and 3, Fig. 5B ). PCR of other EBV regions showed similar size bands for DS, Cp, and the EBNA2 coding region, implying that there were no accidental deletions at these other regions (lanes 4 to 12, Fig. 5B ). N1089 and N1171 were also sequenced with primers surrounding the deletion site to ensure correct site deletion (data not shown).
The EBV BACs (N1089 and N1171) were then transfected into 293 and DG-75 cells and tested for EBNA2 transcription by RT-PCR, coupled with quantitative PCR (Fig. 5C ). We found that EBNA2 levels increased by 3.5-fold in 293 cells when the CTCF binding site was deleted in EBV BAC (Fig.  5C, left panel) . EBNA2 levels increased by 6.3-fold in DG-75 cells when the CTCF binding site was deleted in EBV BAC (Fig. 5C, right panel) . We used GFP as a normalization factor because it is contained in the EBV BAC as a selection marker, and normalization with GFP is a convenient way to normalize EBNA2 expression levels to equal numbers of transfected EBV BACs that are also transcriptionally competent.
CTCF protein levels are more abundant in type I EBVpositive cell lines than type III EBV-positive cell lines. One possible explanation for the differences in CTCF binding among different EBV-positive cell lines, based on DNA affinity and ChIP assays, is that CTCF protein levels are different among the cell lines. Western blotting using total cell lysates from MutuI, KemI, Raji, and LCL3456 showed that CTCF expression levels were substantially higher in type I cell lines, MutuI and KemI, than type III cell lines, Raji and LCL3456 (Fig. 6A ). Western blots with specific antibodies to EBNA2 showed expression only in Raji and LCL3456, as expected. EBNA1 was present in all cell lines, with higher levels in Raji and LCL3456 than MutuI and KemI. Orc2 and histone H3 were controls that showed equal loading of proteins (Fig. 6A) . This result suggests that the differential regulation of CTCF and EBNA2 in type III latency might result from distinct patterns of transcriptional regulation in the two latency types. In order to determine whether the difference in CTCF and EBNA2 was at the level of protein stability or transcription, mRNA levels were assayed. RT-PCR showed higher expression of CTCF levels (normalized to ␤-actin) in MutuI and KemI, with KemI being an average of 5.3-and 5.7-fold higher than Raji or LCL3456, respectively, and MutuI being an average of 2.5-and 2.7-fold higher than Raji and LCL3456, respectively (Fig. 6B) . EBNA2 mRNA levels (normalized to ␤-actin) were almost undetectable in MutuI and KemI, high in Raji, and highest in LCL3456 cells (Fig. 6B) .
Depletion and overexpression of CTCF affect EBNA2 mRNA levels. To determine if CTCF levels in cells can influence EBNA2 mRNA levels (presumably by influencing transcrip- tion from the nearby C promoter), nucleofection of siRNA against CTCF (siCTCF) or control luciferase (siLUC) in type I, MutuI was carried out (Fig. 7) . By real-time RT-PCR, we determined that siCTCF nucleofection was able to decrease CTCF mRNA (normalized to ␤-actin) by an average of 2.2-fold and that correlated with an average 1.9-fold increase in EBNA2 mRNA levels (normalized to ␤-actin) (Fig. 7A) . Nucleofection of Flag-CTCF and control Flag vector in Raji cells was carried out to determine the effect on EBNA2 mRNA levels with CTCF overexpression (Fig. 7B) . By real-time RT-PCR, we determined that we could increase CTCF mRNA levels (normalized to ␤-actin) by an average of 6.0-fold and that correlated with an average 4.1-fold decrease in EBNA2 mRNA levels (normalized to ␤-actin) (Fig. 7B) . We used primers that can recognize Flag-CTCF, as well as endogenous CTCF. c-MYC induces CTCF mRNA levels. MutuI and KemI are type I, EBV-positive cell lines derived from Burkitt's lymphoma, which are characterized as having a translocated c-myc gene that allows for high levels of MYC expression. To determine if high levels of MYC can be a factor in determining the levels of CTCF in different cells, we used a tamoxifen-inducible MYC-ER fibroblast cell line, IMR-90-MYC-ER. Samples were collected at 0, 2, 4, 8, 24, and 42 h after MYC-ER induction with 200 nM 4-OHT. RT-PCR was performed for CTCF, ornithine decarboxylase (ODC), cyclin D2 (cycD2), and elongation factor 1 alpha (ELF1␣) mRNA levels (Fig.  8A) . CTCF showed a slight increase in expression at 4 h and reached a threefold induction by 24 h before leveling off (Fig.  8A) . The well-characterized c-myc gene targets ODC, and cycD2 showed similar increases in expression, while ELF1␣, which is not regulated by c-MYC, showed no increases in expression following MYC-ER induction (Fig. 8A) .
EBNA2 induces c-MYC and CTCF expression levels. EBNA2 has been shown to induce c-MYC and LMP1 expression levels in B cells by using an estrogen-inducible, EBNA2-ER cell line, EREB 2.5. We tested whether EBNA2, by inducing LMP1 and c-MYC expression levels, also induced CTCF levels (Fig. 8B) . points labeled as ϪE) showed a decrease in LMP1, c-MYC, and CTCF mRNA levels (Fig. 8B) . After 48 h without ␤-estradiol, the cells were then resuspended in fresh, complete RPMI 1640 medium containing 1 M ␤-estradiol at a density of 5 ϫ 10 5 to 7.5 ϫ 10 5 cells/ml, and RT-PCR samples were collected at 8, 12, and 24 h after addition of 1 M ␤-estradiol (time points labeled as ϩE). There was a 4.9-fold increase in c-MYC and a 63.0 fold increase in LMP1 mRNA levels at 8 h after readdition of ␤-estradiol when compared to the c-MYC mRNA levels at 48 h after ␤-estradiol removal (8 h/ϩE versus 48 h/ϪE, Fig. 8B ). CTCF, LMP1, and c-MYC mRNA levels peaked at 16 h following ␤-estradiol addition (16 h/ϩE, Fig.  8B ) and returned to levels that were similar to those in cells grown continuously in ␤-estradiol (0 h/ϪE, Fig. 8B ) by the 24 h following ␤-estradiol addition (24 h/ϩE, Fig. 8B ).
DISCUSSIONS
CTCF binds in vitro and in vivo to EBV between OriP and the C promoter. In this study, we investigated and found CTCF binding to an Ϸ45-bp region (EBV coordinates 10515 to 10560) between OriP and Cp. Initially, DNA affinity was used to determine the general location of CTCF binding (Fig. 1B) .
Confirmation of CTCF binding was provided by EMSA, and DNase I footprinting narrowed the binding to EBV coordinates 10515 to 10560. CTCF binds to a variety of DNA sequences, and we find little similarity between the CTCF binding sequence on EBV and published CTCF binding sequences (Fig. 3B) (14, 36) . The ChIP assay indicated that CTCF binds in vivo to EBV between OriP and Cp (Fig. 4) . We designated the binding region as the "CTCF site" (Fig. 4) . These biochemical assays establish a CTCF binding site on EBV DNA between OriP and Cp.
In addition to the identification of a CTCF binding site upstream of Cp, these studies also provided a comparison of CTCF binding from different EBV-positive cell lines with different latencies (type I versus type III). From the DNA affinity assay, more CTCF protein was bound to EBV DNA using equal amounts of proteins from nuclear extracts of MutuI (type I) than LCL3456 (type III) (Fig. 1) . ChIP of MutuI and KemI showed three-to fourfold higher CTCF binding at this site when compared to LCL3456 and Raji, respectively. This is interesting in that LCL3456 and Raji are type III cell lines that expressed EBNA2-5 using the C promoter while MutuI and KemI are type I cell lines that do not express EBNA2-5.
CTCF binding on EBV represses EBNA2 transcription. Others have found that deletion of a 262-bp region (EBV coordinates 10221 to 10482) containing the glucocorticoid response elements produced an unexpected increase in Cp transcription (12) . We used a bacterial recombineering process to (Fig. 5 ) in a wild-type EBV BAC (N1089) and generated a new recombinant EBV BAC (N1171) with a deletion of EBV coordinates 10393 to 10590 that contains the CTCF binding site (Fig. 5A ). EBNA2 mRNA levels increased by an average of 3.5-fold in 293 cells and 6.3-fold in DG-75 cells when the CTCF binding site was deleted in EBV BAC (Fig. 5C ). CTCF sites have been implicated in chromatin boundary elements and enhancer blocking activity (60) . Cp transcription is known to be regulated by the OriP enhancer, and it is tempting to speculate that the CTCF site may function to insulate OriP enhancer activation of Cp in type I latency where CTCF binding is elevated. We have also reported previously that histone H3 mK4 modification is elevated at the OriP and EBER region and that this domain expands in type III latency to the Cp and W repeats (8) . We further speculate that CTCF binding may prevent the spreading of the H3mK4 modification to the Cp region and therefore restrict chromatin access at Cp in type I latency. The glucocorticoid elements are adjacent to the CTCF binding sites, and deletion of either element would increase Cp transcription. This is similar to reported CTCF sites being adjacent to thyroid hormone receptor sites (7) . It would be interesting to see if these elements can combine to mediate synergistic repression of Cp, as well as combining to form a complete, boundary insulator since it has been noted that a CTCF site alone may not form a complete, boundary insulator (57) .
CTCF levels and the regulation of latency type. Our data suggest that CTCF may be a critical repressor of type III latency transcription by inhibiting OriP enhancer activation of Cp. In this respect, CTCF may be a critical factor in determining latency types. We found that CTCF protein and mRNA levels were themselves subject to cell type differences that correlated with latency type. In particular, we found that CTCF protein and mRNA levels were elevated in type I cells where Cp transcription is repressed, relative to type III cells where Cp transcription is active (Fig. 6B) . Manipulation of CTCF levels by overexpression or by siRNA depletion altered EBNA2 mRNA levels. Depletion of CTCF mRNA by siRNA led to an increase in EBNA2 mRNA levels in MutuI (type I) cells (Fig.  7A) . Conversely, overexpression of Flag-CTCF in Raji (type III) cells decreased EBNA2 mRNA levels (Fig. 7B ). These observations suggest that CTCF can repress transcription of EBNA2 and that levels of CTCF in different EBV-positive cell lines can determine the type of EBV latency, with high levels of CTCF correlating with type I and low levels of CTCF correlating with type III.
Since changes in CTCF levels may have effects on other cellular genes, we cannot rule out an indirect effect of CTCF on EBNA2 transcription. However, given the observation that CTCF binds directly to the upstream region of Cp and that deletion of this region leads to an increase in EBNA2 transcription, it seems more likely that this effect is mediated directly by CTCF's enhancer-blocking function of FR to Cp or W promoter.
Regulation of CTCF by c-MYC and EBNA2. To better understand the cellular factors that determine latency type, we examined the effects of two known regulators of B-cell proliferation and differentiation, namely c-MYC and virally encoded EBNA2 (Fig. 8) . We found that both c-MYC activation and EBNA2 activation led to a corresponding increase in CTCF mRNA levels (Fig. 8A and B) . It was previously established that EBNA2 induces c-MYC expression levels either directly or indirectly through LMP1 (11) . Our data suggest that EBNA2 induces CTCF directly and also indirectly through its activation of c-MYC and LMP1. These findings suggest a pathway whereby an ectopic increase in c-MYC levels due to c-MYC/Ig translocation in Burkitt's lymphoma (54) or a transient increase in c-MYC levels as a naïve B cell enters the germinal center stage of B-cell development (15, 31, 32) will correspond with an increase in CTCF levels. In turn, the increase in CTCF levels can function, in conjunction with other factors, to cause global changes in chromatin structures of the B cells (19) . The results of these changes will likely include repression of EBNA2 expression, as observed in this study, and repression of c-MYC (42, 44) . This model is consistent with the proposed complicity of EBV infection in promoting B-cell germinal center development (55) . However, although it has been demonstrated that elevated c-MYC levels can induce a Burkitt's lymphoma phenotype in EBV-transformed lymphoblastoid cells, elevated c-MYC levels alone cannot induce a type III-to-type I switch in lymphoblastoid cells (37, 38, 40, 51) . It is also clear that sustained expression of EBNA2 in type III cells does not necessarily lead to an increase in CTCF levels sufficient for the down regulation of Cp and the transition to type I latency. More likely, other immune factors, in combination with c-MYC elevation, will be needed to cause this change. Nonetheless, the initial studies here provide an important component to the overall mechanism by which EBV latency types can be determined during the course of EBV infection and B-cell development.
